DNA replication is a core biological process that occurs in prokaryotic cells at high speeds (∼1 nucleotide residue added per millisecond) and with high fidelity (fewer than one misincorporation event per 10 7 nucleotide additions). The ssDNA binding protein [gene product 32 (gp32)] of the T4 bacteriophage is a central integrating component of the replication complex that must continuously bind to and unbind from transiently exposed template strands during DNA synthesis. We here report microsecond singlemolecule FRET (smFRET) measurements on Cy3/Cy5-labeled primertemplate (p/t) DNA constructs in the presence of gp32. These measurements probe the distance between Cy3/Cy5 fluorophores that label the ends of a short (15-nt) segment of ssDNA attached to a model p/t DNA construct and permit us to track the stochastic interconversion between various protein bound and unbound states. The length of the 15-nt ssDNA lattice is sufficient to accommodate up to two cooperatively bound gp32 proteins in either of two positions. We apply a unique multipoint time correlation function analysis to the microsecond-resolved smFRET data obtained to determine and compare the kinetics of various possible reaction pathways for the assembly of cooperatively bound gp32 protein onto ssDNA sequences located at the replication fork. The results of our analysis reveal the presence and translocation mechanisms of short-lived intermediate bound states that are likely to play a critical role in the assembly mechanisms of ssDNA binding proteins at replication forks and other ss duplex junctions.
DNA replication is a core biological process that occurs in prokaryotic cells at high speeds (∼1 nucleotide residue added per millisecond) and with high fidelity (fewer than one misincorporation event per 10 7 nucleotide additions). The ssDNA binding protein [gene product 32 (gp32) ] of the T4 bacteriophage is a central integrating component of the replication complex that must continuously bind to and unbind from transiently exposed template strands during DNA synthesis. We here report microsecond singlemolecule FRET (smFRET) measurements on Cy3/Cy5-labeled primertemplate (p/t) DNA constructs in the presence of gp32. These measurements probe the distance between Cy3/Cy5 fluorophores that label the ends of a short (15-nt) segment of ssDNA attached to a model p/t DNA construct and permit us to track the stochastic interconversion between various protein bound and unbound states. The length of the 15-nt ssDNA lattice is sufficient to accommodate up to two cooperatively bound gp32 proteins in either of two positions. We apply a unique multipoint time correlation function analysis to the microsecond-resolved smFRET data obtained to determine and compare the kinetics of various possible reaction pathways for the assembly of cooperatively bound gp32 protein onto ssDNA sequences located at the replication fork. The results of our analysis reveal the presence and translocation mechanisms of short-lived intermediate bound states that are likely to play a critical role in the assembly mechanisms of ssDNA binding proteins at replication forks and other ss duplex junctions.
microsecond single-molecule FRET | multidimensional time correlation functions | ssDNA binding protein T he DNA replication complex of the T4 bacteriophage is an excellent model to understand the mechanistic details of DNA synthesis, because it uses the same three protein subassemblies as found in higher organisms, albeit without the many additional layers of regulatory complexity (1) (2) (3) (4) (5) . These subassemblies are (i) the helicase/primase (primosome) complex that unwinds the dsDNA genome and synthesizes pentameric RNA primer strands while exposing the leading and lagging ssDNA templates, (ii) the DNA polymerases that use the exposed templates to synthesize cDNA daughter strands, and (iii) the replication clamp-clamp loader complexes that load and unload the sliding clamps from the functioning polymerases and thereby, control the processivity of DNA synthesis.
An integral component of DNA replication is the ssDNA binding protein (ssb) (6, 7) . The ssbs bind to the exposed ssDNA templates during the critical period after the helicase has unwound these sequences and before the DNA polymerases have incorporated complementary paired nucleotides into the newly formed daughter strands. The ssbs are thought to protect ssDNA from nuclease activity and remove unfavorable secondary structures that would otherwise hinder the efficiency of the replication process. The T4 ssb is referred to as the gene product 32 (gp32), and it is known to form association complexes with ssDNA through a cooperative binding mechanism. The cooperative binding mode of gp32 is thought to be important to achieve complete coverage of the exposed ssDNA templates at the precisely regulated concentration of protein that needs to be maintained in the infected Escherichia coli cell (8, 9) . The gp32 protein has an N-terminal domain, a C-terminal domain, and a core domain.
The N-terminal domain is necessary for the cooperative binding of the gp32 protein through its interactions with the core domain of an adjacent gp32 protein. To bind to ssDNA, the C-terminal domain of the gp32 protein must undergo a conformational change that exposes the positively charged region of its core domain, which in turn, interacts with the negatively charged ssDNA backbone. The binding site size of the gp32 protein is seven nucleotide residues (10) . Although many of the ssbs of higher organisms have larger binding footprints, the functional role of binding cooperativity in these systems is less straightforward. Thus, oligomers of E. coli ssb can bind to ssDNA in more than one binding mode (11) , whereas mammalian replication protein As (RPAs) may bind and function as monomers (12) . Both E. coli ssb and human RPA have been shown to diffuse on ssDNA, and this sliding motion may be important in discharging their functions (13, 14) . Although sliding of the gp32 protein along the template strand is expected to be important to its biological function, there is currently little direct information available about the role of sliding in the process of gp32 cluster assembly on ssDNA template sequences during replication.
Significance
A microsecond-resolved single-molecule FRET method was used to monitor the binding and unbinding of the ssDNA binding protein (gene product 32) of the T4 bacteriophage replication complex to biologically relevant primer-template DNA constructs. A unique multitime correlation function analysis was applied to the resulting sparse data, which permitted the investigation of the kinetics and mechanisms of noncooperative and cooperative protein binding, unbinding, and "sliding." Our results indicate that noncooperatively bound monomer proteins dissociate on the timescale of tens of milliseconds, which is consistent with the known rate of nucleotide addition during DNA replication. The rapid dissociation of the monomer suggests that sliding is a much more likely mechanism for translocation of cooperatively bound clusters of indeterminate size.
In this work, we use microsecond-resolved single-molecule FRET (smFRET) experiments to study the kinetics and mechanism of gp32 dimer assembly on a short 15-nt ssDNA template. Such ssDNA-(gp32) 2 complexes can serve as simple model systems to examine the basic biochemical steps involved in ssb filament assembly and sliding. Our experiments used fluorescently labeled primer-template (p/t) DNA constructs, in which a Cy3 donor chromophore was attached to the 3′ end of the template strand and a Cy5 acceptor chromophore was attached to the 5′ end of the primer strand near the p/t junction (Fig. 1A) . The template strand contains a 15-nt poly(deoxythymidine) [p(dT) 15 ] sequence that can form an association complex with up to two cooperatively bound gp32 protein monomers at one time. Recently, Lee et al. (15) showed that smFRET signals observed from this same p/t DNA construct in the presence of gp32 undergo intermittent protein-induced fluctuations, which reflect changes in the end to end distance of the ssDNA template caused by binding and dissociation of gp32 proteins.
The experiments performed by Lee et al. (15) were sensitive to changes in ssDNA template conformation, which could be observed using the tens of milliseconds time resolution of standard smFRET experiments. Although these studies could distinguish between unbound template conformations and those with two cooperatively bound gp32 proteins, they could not clearly resolve short-lived singly bound intermediate states. In previous work, we used microsecond-resolved smFRET and single-molecule linear dichroism to study DNA breathing fluctuations at model replication forks and the influence of these fluctuations on helicase binding (16) . These measurements detected individual fluorescence photocounts from a single molecule and stored the ensuing information about the intervening time intervals and optical-phase conditions associated with each detection event. The method is technically similar to those implemented by others to study fast-activated barrier crossing in protein folding (17) and photon antibunching in quantum dot nanocrystals (18) . Here, we show how microsecond-resolved smFRET experiments can be used to probe short-lived singly bound intermediate states and their influence on the assembly pathways of gp32-(ssDNA) 2 complexes. These studies thus permit us to examine the detailed mechanisms of noncooperative and cooperative protein binding to the p(dT) 15 lattice and the potential involvement of "sliding" of the various bound species along the ssDNA strand.
A challenge to the interpretation of microsecond smFRET experiments is in the difficulties involved in resolving short-lived intermediates. This problem is further complicated by the necessity to partition the finite signal intensity into very short (microsecond) sampling intervals, which leads to smFRET trajectories that appear "sparse" and are dominated by stochastic noise when viewed with high temporal resolution. Such trajectories are not amenable to analysis by "direct visualization methods," which attempt to assign discrete smFRET efficiency values to corresponding conformational states and thus, observe and resolve sequences of state to state transitions that make up a biochemical reaction pathway. For example, hidden Markov model (HMM) analysis is a particularly useful method to evaluate smFRET trajectories that use tens of milliseconds resolution (19) , but this approach becomes less accurate for microsecond-resolved experiments.
In this work, we apply generalized concepts of time correlation functions (TCFs) to study the ssDNA-(gp32) 2 assembly pathways (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . We assume that our single-molecule experiments probe the instantaneous conformational state of the system at equilibrium and that the stochastically fluctuating smFRET efficiency, E FRET , can be directly mapped onto this state. A TCF is a time-dependent moment of the variable E FRET ðtÞ that, when used to its full potential, can provide a statistically meaningful way to characterize the dynamics of the interconverting species lying along the reaction pathway. In general, the nth-order TCF, C ðnÞ ðτ 1 , τ 2 , . . . , τ n−1 Þ, can be written as the average product of n successive observations hE FRET ðt 1 Þ, E FRET ðt 2 Þ, . . . , E FRET ðt n Þi, which depends on the n -1 time intervals τ 1 = t 2 − t 1 , τ 2 = t 3 − t 2 , . . ., τ n−1 = t n − t n−1 . The complexity of information available from a TCF depends on its order. For example, the second-order TCF, C ð2Þ ðτÞ, which is often referred to as the "time-autocorrelation function," contains information about the average timescales of the fluctuations of the system. However, the second-order TCF cannot be used to determine information about the role of intermediates that may be along a reaction pathway. Such information is available through the fourth-order TCF, C ð4Þ ðτ 1 , τ 2 , τ 3 Þ, which is sensitive to whether the system, on average, undergoes a particular state to state transition that typically follows or precedes another or whether two such transitions occur independently.
In the analysis that follows, we implemented second-and fourth-order TCFs to study the role of intermediates along the gp32-ssDNA assembly pathway. An overview of the theoretical method that we implemented for this purpose is given in ref. 20 . We note that fourth-order TCFs are important in the analysis of nonlinear spectroscopies, including 2D NMR, 2D IR, and 2D electronic spectroscopy (31) . High-order TCFs have also been used to characterize the dynamics of a number of stochastic chemical systems (24, 25) , including protein reaction dynamics (23) , molecular and protein diffusion in solution (26, 27, 32) , polymer diffusion in the liquid phase (28) , and protein conformation fluctuations in molecular dynamics simulations (29) . Results gp32 Binding to 3′-Cy3/Cy5-p(dT) 15 -p/t DNA Induces Stochastic Transitions Between Conformational States of the p(dT) 15 Template Strand. We initially performed 30-ms resolved smFRET experiments on the donor (Cy3)-acceptor (Cy5)-labeled p/t DNA construct as shown schematically in Fig. 1A . The nucleic acid base sequences used for the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA construct as well as our nomenclature conventions for these p/t DNA constructs are shown in SI Appendix, Table S1 , and they are the same as those used in related studies (15) . As mentioned previously, the p(dT) 15 segment of the template strand can support binding of up to two gp32 proteins, each of which possesses a binding site size of seven nucleotide residues (10) . Binding of the gp32 protein to ssDNA is known to stiffen the p(dT) 15 segment of the p/t DNA substrate (15, 33) . This interaction increases the average separation between the Cy3 and Cy5 labels, which leads to a decreased smFRET efficiency, E FRET (defined below).
Because the ssDNA segment of the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA can bind up to a maximum of two gp32 monomer proteins, we anticipate the presence of numerous ssDNA-(gp32) n assembly complexes corresponding to n = 0-, 1-, or 2-bound gp32 proteins. The interfacial free energy between two cooperatively bound gp32 monomers on an ssDNA template leads to a 1,000-fold increase in binding affinity per monomer (34) . Thus, the cooperative binding mode of gp32 to ssDNA likely plays an important role in the transformation between 1-bound intermediates and 2-bound end states. Because each gp32 protein occludes seven nucleotide residues, there are nine (= 15-7 + 1) possible 1-bound gp32-p(dT) 15 conformations (e.g., bound at positions 1-7, 2-8, . . ., 9-15), and there are two cooperative 2-bound conformations (at positions 1-14 and 2-15). In Fig. 1A , we depict a simplified three-state reaction scheme, in which the various substates of 0-, 1-, and 2-bound conformations are assumed to be experimentally indistinguishable, and the ssDNA-(gp32) 2 assembly pathway occurs via a single 1-bound intermediate. We have neglected in this scheme the possibility that the 0-and 2-bound states can interconvert directly, because it is known that gp32 dimers formed in solution cannot bind to ssDNA but rather, must dissociate and bind initially as monomers before forming cooperatively bound dimer clusters (35) .
The three-state scheme would be an adequate description of the assembly process if all nine possible singly bound conformations (and the two possible doubly bound conformations) could rapidly interconvert on timescales faster than the ∼10-μs instrument resolution. For example, a 1-bound intermediate might rapidly "slide" along the ssDNA template from one to another of nine possible template positions, some of which are better (or worse) suited to accommodate the binding of a second gp32 monomer for the creation of a 2-bound conformation. However, if the dissociation of gp32 monomers from the ssDNA template was significantly faster than monomer sliding, the latter process would not occur, and it might be possible to distinguish between "unproductive" and "productive" intermediates that are along the reaction pathway. We depict such a four-state scheme in Fig. 1B , where we have identified the unproductive intermediate as state 1 and the productive intermediate as state 1′. There are five possible unproductive 1-bound conformations for which the initially bound protein (at positions 3-9, 4-10, . . ., 7-13) occludes the 7-nt binding site of the second protein, and there are four productive 1′-bound conformations (at positions 1-7, 2-8, 8-14, and 10-15) . Of course, even more complex schemes would need to be considered if the interconversion timescales of various substates could be resolved by the experiment.
In Fig. 1C , we present the results of bulk FRET experiments, in which the p/t DNA construct was titrated against gp32 protein in buffer consisting of 10 mM Tris, pH 8, 100 mM NaCl, and 6 mM MgCl 2 . In the absence of gp32, the emission intensity corresponding to Cy5 (peaked at 663 nm) was much larger than that corresponding to Cy3 (peaked at 561 nm). This efficient FRET is because of the relatively short average distance between the 3′ end-labeled Cy3 chromophore and the p/t junction-labeled Cy5 chromophore in this rapidly fluctuating random coil ssDNA sequence. Comparison of the relative Cy3/Cy5 peak intensities (I Cy3 =I Cy5 ) led us to estimate the average bulk FRET efficiency of the p/t DNA substrate in the absence of gp32 to be E FRET = I Cy5 =ðI Cy3 + I Cy5 Þ ≈ 0.81. On titration of gp32 into the solution, the ratio I Cy3 =I Cy5 increased sensitively with increasing gp32 concentration. These observations are consistent with those of previous studies (15) , which show that binding of gp32 to the ssDNA region of the p/t DNA construct leads to chain stiffening and thus, a decrease in the E FRET value.
We next carried out smFRET experiments on the p/t DNA construct using a split-screen electron-multiplied CCD (emCCD) camera, which was capable of 30-ms time resolution. In Fig. 2A , we show representative single-molecule trajectories, which were taken from the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA samples incubated in the presence of 0, 0.1, and 1.0 μM gp32. Here, the values of E FRET were calculated from Cy3 and Cy5 intensities according to the same formula as for our bulk experiments. In the absence of protein ( Fig. 2A, Top) , the E FRET values were typically constant over the course of an ∼30-s trajectory, although the precise value of E FRET varied somewhat from molecule to molecule over a range of ΔE FRET = ±0.5. We characterized the distribution of state occupancies by constructing histograms of E FRET values, each of which was made up of several thousand data point entries (Fig.  2B ). In the absence of the gp32 protein, there is a single feature centered at E FRET ∼ 0.81 (Fig. 2B , Top). We note that this peak value of E FRET is very similar to that we obtained from our bulk measurements (Fig. 1C) .
For the experiments with p/t DNA constructs and gp32 concentrations of 0.1 and 1.0 μM, we observed smFRET trajectories that typically exhibited continuous stochastic transitions between relatively high-and low-E FRET values ( exhibited a dominant feature centered at E FRET ∼ 0.81, and a minor feature centered at E FRET ∼ o.56 (Fig. 2B, Middle) . We assigned the state with E FRET values of ∼0.81 to the 0-bound conformation and the state with E FRET values near ∼0.56 to the 2-bound conformation, consistent with previous studies (15) . For samples incubated with 1.0 μM gp32, we found that the equilibrium occupancies of the 0-and 2-bound conformations were reversed relative to those seen in the 0.1 μM gp32 experiments (Fig. 2B , Bottom). At the elevated protein concentration, the system occupied primarily a 2-bound state and for relatively brief periods, also a 0-bound state.
Although the single-molecule experiments described above allowed us to directly observe individual gp32-ssDNA association and dissociation events, it was not possible to detect intermediates that persisted for times shorter than the 30-ms instrument resolution or distinguish between different types of bound ssDNA-(gp32) n states. Because the ssDNA segment of the p/t DNA construct could accommodate the binding of up to two gp32 monomers, it is reasonable to expect to detect up to three or more conformations with discrete E FRET values, provided that there is sufficient instrument time resolution. Our observation of only two conformations with well-separated E FRET values suggested the presence of one or more short-lived intermediates, which might themselves have exhibited E FRET values that would be difficult to distinguish from those of the 0-and 2-bound end states. In the next section, we describe smFRET experiments on the same p/t DNA constructs using an apparatus capable of ∼10-μs resolution (16).
gp32-p(dT) 15 Binding Involves Template Conformation Dynamics That
Occur at Two Well-Separated Timescales. The second-order TCF of the time-varying signal E FRET ðtÞ is the average product of two successive measurements made at times t 1 and t 2 , which are separated by the interval τ = t 2 − t 1 :
In Eq. 1, the angle brackets denote the average "two-point product" that has been performed over all possible starting times given by C ð2Þ ðτÞ = R ∞ −∞ E FRET ðtÞE FRET ðt + τÞdt. If the longest relaxation time of the system exceeds the duration of an individual single-molecule trajectory, then Eq. 1 must be additionally averaged over a large number of datasets.
We performed microsecond smFRET experiments on the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA construct in the absence of the gp32 protein. For these samples, we found that the second-order TCF did not exhibit a decay that could be distinguished from instrument noise (SI Appendix, Fig. S1A ). This observation suggests that conformational fluctuations of the p/t DNA substrate might occur much faster than the ∼10-μs instrument resolution and/or much slower than the 30-s duration of a typical smFRET trajectory.
We next performed microsecond-resolved smFRET experiments on the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA construct in the presence of 0.1 μM gp32. When viewed on a linear log scale, the second-order TCF exhibited an estimated 1=e decay correlation constant τ c ∼ 160 ms (SI Appendix, Fig. S1B ). The same data plotted using a log linear scale could be well-fit to a biexponential decay, with decay constants τ fast = 18.4 and τ slow = 157.8 ms and corresponding amplitudes A fast = 0.146 and A slow = 0.854 ( Fig. 3A and SI Appendix, Table S2 ). When we performed experiments on the p/t DNA substrate in the presence of 1.0 μM gp32, we found that the decay of the second-order TCF occurred more rapidly than at the lower (0.1 μM) protein concentration, with an average decay constant τ c ∼ 40 ms (SI Appendix, Fig. S1C ). At this elevated protein concentration, the decay was similarly well-described as biexponential, with decay constants τ fast = 13.9 and τ slow = 94.23 ms and corresponding amplitudes A fast = 0.531 and A slow = 0.469 ( Fig.  3B and SI Appendix, Table S2 ).
The significance of the number of decay components of the second-order TCF can be understood in the context of the theory of Markov chains, which describes the kinetics of an equilibrium chemical system that may undergo stochastic transitions between N discrete states (36) . Markov chain theory predicts that the second-order TCF contains N -1 decay components (20) . Thus, the biexponential decay that we have observed for C ð2Þ ðτÞ implies that N ≥ 3. Based on the magnitudes of the fast relaxation components that we have measured at 0.1 and 1.0 μM gp32 (∼10 ms), we concluded that there is at least one short-lived intermediate species that fluctuates on this timescale. Likely candidates for such species are the various singly bound ssDNA-gp32 conformational states. As discussed in previous sections, depending on the loading position of a singly bound gp32 molecule on the p(dT) 15 lattice, this state might (or might not) be highly reactive because of its potential (or lack of potential) for cooperative interactions with a second gp32 molecule that could (or could not) subsequently bind to the lattice. To test this hypothesis, we introduced a short hexameric oligopeptide that inhibits the cooperative gp32 binding modality by competing with the binding interaction of the N terminus of an adjacent (and potentially cooperatively bound) gp32 molecule (37) .
Disruption of the Cooperative Modality Blocks the Formation of
Doubly Bound States. The peptide sequence (Lys/Arg) 3 (Ser/Thr) 2 , which is referred to as the "LAST" sequence, was shown by Karpel and coworkers (37) to disrupt the cooperative assembly mechanism of ssDNA-(gp32) n complexes by competitive binding to the core domain within the region responsible for binding to the N terminus of an adjacent gp32 protein. To confirm that the LAST peptide does indeed bind to the gp32 protein, we performed tryptophanquenching studies, in which solutions of gp32 were titrated against LAST. Intrinsic tryptophan residues on the gp32 protein were excited using 288-nm light, and the peak fluorescence was detected at 342 nm. When the LAST peptide was introduced into a solution containing 0.1 μM gp32, we observed that tryptophan fluorescence decreased rapidly, indicating a direct interaction between the LAST peptide and gp32 (SI Appendix, Fig. S2A ). This interaction seemed to saturate near a 5:1 ratio of LAST peptide to gp32 protein. When we repeated these experiments using a solution containing 1.0 μM gp32, the saturation ratio increased to 10:1 (SI Appendix, Fig. S2B ), which suggests that the LAST peptide is in competition with other gp32 proteins for its binding site. We performed similar bulk titration measurements on solutions containing 100 nM concentrations of the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA construct and either 0.1 (SI Appendix, Fig. S3 A and B ) or 1.0 μM gp32 (SI Appendix, Fig. S3 C and D) . We found that, in the presence of gp32, the FRET efficiency of the p/t DNA construct was enhanced when the LAST peptide was titrated into the solution. These results show that the presence of the LAST peptide affects gp32 
A B C Fig. 3 . Normalized second-order TCFs of microsecond-resolved smFRET trajectories of the 3′-Cy3/Cy5-p(dT)15-p/t DNA construct in the presence of (A) 0.1 μM gp32, (B) 1.0 μM gp32, or (C) 0.1 μM gp32 + 1.0 μM LAST peptide. Green curves are linear regression best fits to the data. Solid and dashed red lines indicate the fast and slow decay components, respectively. The above decays were constructed from hundreds of thousands of data points. The results of the fitting analysis are reported in SI Appendix, Table S2 .
filament assembly, presumably by disrupting the cooperative gp32 binding mechanism.
In Fig. 4A , we show a representative smFRET trajectory (taken with 30-ms time resolution) of our 3′-Cy3/Cy5-p(dT) 15 -p/t DNA construct in the presence of 0.1 μM gp32 and 0.5 μM LAST (a saturating quantity). We see that the influence of the LAST peptide is to suppress stochastic transitions between conformational states with high-and low-E FRET values. The effect of the LAST peptide on the smFRET trajectories is striking compared with that obtained using the same 0.1 μM gp32 concentration in the absence of LAST peptide ( Fig. 2A, Middle) . We used the HMM method (19) to determine the dwell times associated with the high-E FRET (0-bound) state and the low-E FRET (2-bound) state (SI Appendix, Fig. S4 ). We note that the dwell time of the 2-bound state seems to be insensitive to the presence of the LAST peptide (SI Appendix, Fig. S4B ), suggesting that the presence of the LAST peptide does not perturb the dissociation from the p(dT) 15 template strand of gp32 dimers that have been successfully cooperatively bound.
In Fig. 4B , we show the histogram of E FRET values of the p/t DNA substrate in the presence of 0.1 μM gp32 and 0.5 μM LAST. For samples incubated in the presence of LAST, the relative intensity of the low-E FRET feature at ∼0.56 is reduced compared with the case when LAST is absent (compare with Fig.  2B , Middle). In SI Appendix, Fig. S2C , we plot the relative intensities of the low-(∼0.56) to high-E FRET (∼0.81) histogram features vs. LAST concentration. This ratio decays with increasing concentration of LAST, with a similar trend to that of our bulk tryptophan-quenching experiments (SI Appendix, Fig.  S2A ). As shown with our bulk measurements (Fig. 1C) , we found that saturation at this gp32 concentration occurred at values near a 5:1 ratio of LAST to gp32.
Our finding that the effect of the LAST peptide was to increase the dwell time of the high-E FRET state (with an E FRET value of ∼0.81) provides us with a key insight into the mechanism of p(dT) 15 -(gp32) n filament assembly. The activity of the LAST peptide is known to disrupt the cooperative interaction between adjacently bound gp32 proteins (37) . We thus conclude that the low-E FRET state (with an E FRET value of ∼0.56) must correspond to a doubly bound ssDNA-(gp32) 2 complex, because its formation is blocked by the activity of the LAST peptide. Because the LAST peptide only affects the cooperative binding mode of the gp32 protein, we further anticipate that the formation of the singly bound ssDNA-(gp32) 1 complex should be unaffected by the presence of LAST. Our results suggest that either the value of E FRET for the singly bound species is indistinguishable from that of the 0-bound species (with E FRET ∼ 0.81) or the persistence time of the singly bound complex is shorter than the 30-ms resolution of our split-screen emCCD smFRET instrument.
We next examined our microsecond-resolved smFRET experiments on the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA construct in which we used the LAST peptide to disrupt the cooperative binding mechanism of the gp32 protein. In Fig. 3C , we show the second-order TCF that was constructed from samples incubated in the presence of 0.1 μM gp32 and 1.0 μM LAST. This function was constructed from an average of 21 individual smFRET trajectories. Although the dwell time of the high-E FRET (∼0.81) state is enhanced by the presence of the LAST peptide, the second-order TCF is represented by a biexponential decay with time constants τ fast = 24.3 and τ slow = 184 ms and amplitudes A fast = 0.646 and A slow = 0.354. We note that the two decay constants are strikingly similar to those found in the absence of LAST, further supporting our conjecture that the experimental system consists of a network of three or more microstates in dynamic equilibrium.
The results that we have presented thus far suggest a mechanism for the ssDNA + 2 gp32 ⇄ ssDNA-(gp32) 2 assembly reaction, in which a 2-bound state is rapidly formed after the initial creation of a short-lived 1-bound intermediate. Nevertheless, the above results are not sufficient to distinguish between different models in which various (productive and unproductive) 1-bound states might (or might not) interconvert. In the remainder of this paper, we consider the effects of higher-order correlations on smFRET trajectories to ask if different types of short-lived intermediates are important in the assembly mechanism.
Analysis of smFRET Trajectories Using Fourth-Order TCFs. Our TCF analysis described above indicated that the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA construct, in the presence of the gp32 protein, supports two fundamental relaxation processes, one of which occurs on a tens of milliseconds timescale and the other which occurs on a hundreds of milliseconds timescale. These relaxations partially characterize the dynamics of the p/t DNA construct as it undergoes stochastic transitions between its various 0-, 1-, and 2-bound states. Nevertheless, information provided by the second-order TCFs cannot by itself determine whether the states visited during a single-molecule trajectory occur independently or if they are connected through a "pathway" of correlated sequential events. One can imagine that a particular fluctuation must occur initially for a subsequent fluctuation to be possible. For example, the reaction scheme depicted in Fig. 1A illustrates a system of three coupled chemical species, in which the 0-bound state is connected to the 2-bound state through a single 1-bound intermediate. If the system is initially in the 0-bound state, one cannot observe a transition from the 1-to 2-bound state without previously observing a transition from the 0-to 1-bound state.
To distinguish between different chemical reaction schemes that describe the p(dT) 15 -(gp32) 2 assembly process, we implemented a combined analysis based on second-and fourth-order TCFs of microsecond smFRET trajectories. This analysis can, in principle, distinguish between models of varying levels of complexity. We define the fourth-order TCF according to
The fourth-order TCF is the product of four sequentially sampled data points from an smFRET trajectory, which are separated in time by the intervals τ 1 , τ 2 , and τ 3 . The angle brackets in Eq. 2 have the same meaning as those in Eq. 1. The fourth-order TCF contains information about the statistical weights of time-ordered events that occur within an individual smFRET trajectory. To illustrate this property, we consider the three-state system of 0-, 1-, and 2-bound states (Fig. 1A) and assign to these the observable E FRET values E 0 , E 1 , and E 2 , respectively. The fourth-order TCF depends on the weighted observations of each possible time-ordered sequence of E FRET values for a particular set of intervals. For example, we might observe the sequence E 0 E 1 E 1 E 2 at the four times sampled. If we were to observe this sequence with greater statistical weight than ascribed to sequences containing E 0 followed by E 2 , we might conclude that direct transitions between the 0-and 2-bound states are unlikely and that the reaction must proceed through an intermediate 1-bound state. Because the timescales of transitions between states have well-defined values, certain sequences will be more likely to occur at short time intervals, whereas other sequences will become more prevalent at long time intervals. Thus, the information encoded in the fourth-order TCF provides direct insight into the reaction scheme that governs the timeordered fluctuations of the system.
It is convenient to visualize the fourth-order TCF as a 2D contour plot, with horizontal and vertical axes given by the variables τ 1 and τ 3 , while the second time interval τ 2 (referred to as the waiting time) is held fixed. The fourth-order TCF describes the presence of correlation between transitions that occur during the interval τ 1 and those that occur during the interval τ 3 . In the absence of fourth-order correlation, such temporally separated transitions are statistically independent. Examination of a series of fourth-order TCFs as a function of the waiting time τ 2 makes it possible to determine the average timescale over which pairs of successive transitions are correlated. In the limit that the waiting time τ 2 becomes very long or that fourth-order correlations are short-lived, we see from Eq. 2 that lim τ2→∞ hE FRET ð0ÞE FRET ðτ 1 ÞE FRET ðτ 2 ÞE FRET ðτ 3 Þi =hE FRET ð0ÞE FRET ðτÞi 2 . In this limit, the fourth-order TCF is equal to the square product of the second-order TCF defined by Eq. 1.
Even for relatively short waiting periods, the presence of fourth-order correlation must be detected above the level of second-order "background" correlation. It is useful to consider the fourth-order TCF in terms of the smFRET signal fluctuation: δE FRET ðtÞ = E FRET ðtÞ − hE FRET i. We, therefore, reframe Eq. 2 in terms of the signal fluctuations:
where we have similarly reframed the second-order TCF in terms of signal fluctuations according to
Eq. 3 decays with τ 2 from its maximum value hδE FRET ð0Þ½δE FRET ðτ 1 Þ 2 δE FRET ðτ 3 Þi to zero over the timescales for which fourth-order correlation exists. We note that subtraction of the asymptotic (τ 2 → ∞) value C ð2Þ ðτ 1 Þ C ð2Þ ðτ 3 Þ from the fourth-order TCF serves to isolate fourth-order correlations from second-order background correlation. Both second-and fourth-order TCFs can be modeled using the theory of Markov chains (20, 36) . This approach assumes a kinetic scheme, in which N states are interconnected by elementary chemical steps as depicted in Fig. 1 A and B . The input parameters of the Markov model are the observed fluctuation values δE i assigned to state i and the rate constants k ij associated with forward and backward transitions between states i and j. The values of k ij must satisfy the principles of detailed balance (20) . Expressions for calculated second-and fourth-order TCFs are derived in SI Appendix. These expressions depend on (i) the equilibrium (time-independent) probability p eq i to observe the system in the ith state and (ii) the conditional probability p ij ðτÞ that the system will be in the jth state at a time interval τ after it was initially observed in the ith state.
The second-order TCF (SI Appendix, Eq. S6) is composed of N -1 exponentially decaying terms, each with characteristic decay rates λ 1 , λ 2 , . . ., λ N−1 and amplitudes A 1 , A 2 , . . ., A N−1 . The Markov chain model expresses these parameters in terms of the rate constants k ij (20) . The fourth-order TCF is composed of ðN − 1Þ 2 terms (SI Appendix, Eq. S7), each with an amplitude A n,m (n, m ∈ f1,2, . . . , N − 1g) that depends on the rate constants and the waiting time τ 2 . For a fixed waiting time, the decay of the fourth-order TCF occurs in two dimensions corresponding to the time intervals τ 1 and τ 3 . The characteristic decay rates of the fourth-order TCF are the same as those of the second-order TCF. The N -1 terms with amplitudes A n,n are "diagonal" terms, which each depend on a single decay constant λ n . The terms with amplitudes A n,m (with n ≠ m) designate "off-diagonal" coupling terms, which each depend on two decay constants, λ n and λ m . For an equilibrium system, the principles of detailed balance require that A n,m = A m,n (20) . For situations in which relaxations that occur during the upstream interval τ 1 are uncorrelated to those that occur during the downstream interval τ 3 , the coupling terms A n,m = A m,n vanish. Under such circumstances, the functional form of the fourthorder TCF is simply related to that of the second-order TCF (20) . This scenario is expected if intermediate 1-bound states were to dissociate or interconvert with other 1-bound states on a faster timescale than the experimental sampling resolution. If, however, the dynamics of 1-bound intermediates were experimentally resolved, the aforementioned dissociation and/or sliding processes can lead to negative or positive correlations between upstream and downstream signal fluctuations on these rapid timescales. The latter situation is expected to lead to either positive or negative fourth-order correlation between successive transitions, which is reflected by nonzero cross-term amplitudes A n,m and A m,n . For negative (or positive) off-diagonal amplitudes, the 2D surface of the fourth-order TCF can exhibit contours with convex (or concave) curvature (20) . Because of the presence of noise in experimental data, this curvature might be difficult to detect by visual inspection alone. Furthermore, the off-diagonal amplitudes may be small compared with those of the diagonal terms. Nevertheless, we find that a sufficiently large dataset can, in principle, provide the information needed to extract these values numerically from the experimental data.
The information contained within fourth-order TCFs can be intuitively understood by representing these functions in the rate domain through an inverse Laplace transformation (ILT): C ð4Þ ðτ 1 , τ 3 Þ˥ τ 2 fixed ! ILT, τ 1 , τ3Ĉ ð4Þ ðk 1 , k 3 Þ˥ τ 2fixed . In the rate domain, diagonal and off-diagonal terms that decay exponentially in time are represented as delta functions centered at values corresponding to the decay constants. These rate domain representations of the fourth-order TCFs are made in analogy to the frequency domain representations often used in 2D Fourier transform spectroscopies (28, 30) . In our 2D rate domain spectra, diagonal features represent the characteristic relaxation rates, whereas the cross-peaks represent the presence of couplings between these relaxations. To perform the ILT, we carried out an algorithm based on the Tikhonov regularization method (38) (39) (40) . We verified that our algorithm produced accurate results for the noise level of our data (SI Appendix, Fig. S5 ). In Fig. 5 , we present fourth-order TCFs and the associated 2D rate spectra constructed from our experimental smFRET trajectories of the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA in the presence of 0.1 μM gp32. These functions and additional data for the 1.0 μM gp32 and 0.1 μM gp32 + 1 μM LAST peptide conditions are plotted for several values of the interval τ 2 in SI Appendix, Fig. S6 . We note that the decays of the fourthorder TCFs with respect to the intervals τ 1 and τ 3 occur on the same characteristic timescales as the second-order TCFs (Fig. 3 and SI Appendix, Table S2 ). Additional information about the coupling between characteristic modes can be obtained from the associated 2D rate spectra. We performed the ILT of the fourthorder TCFs by using the information provided by the secondorder TCFs. Because the second-order TCFs exhibited only two characteristic decay components (λ slow = τ −1 slow and λ fast = τ −1 fast ), we assumed a minimal model using an n = 3 scheme. We thus obtained the 2D rate spectra as shown in Fig. 5 and SI Appendix, In Fig. 6 , we plot the amplitudes of the rate domain peaks and cross-peaks as a function of the interval τ 2 . We note that, for all three sets of conditions, the amplitude of the faster characteristic rate constant A fast,fast decreased more rapidly with increasing τ 2 than the amplitude of the slower characteristic rate A slow,slow . The fast and slow diagonal components exhibit very similar amplitudes and τ 2 -dependent behaviors for the 0.1 μM gp32 datasets in both the presence and absence of the LAST peptide (Fig. 6 A  and B) . Although the amplitudes of off-diagonal coupling features for our 0.1 μM gp32 data were negligibly small (Fig. 6A) , the amplitudes of these same features for both the 0.1 μM gp32 + 1.0 μM LAST and 1.0 μM gp32 samples decayed from finite positive values to zero on the characteristic timescales ( Fig. 6 B  and C, respectively) .
The above results show that the fast and slow fluctuating modes that we have observed in the p(dT) 15 -(gp32) n system are interdependent processes. Moreover, the presence of the LAST peptide influences the degree of coupling between these processes, which we might expect because of its interference with the cooperative binding mechanism of the gp32 protein. In the remainder of this work, we devise a simple Markov chain model that accounts for our observations of the kinetic and thermodynamic behaviors of the system under the experimental conditions that we studied.
Optimization of n = 4 Kinetic Scheme to Microsecond smFRET Data.
To take greater advantage of the information contained within our microsecond smFRET data, we considered kinetic schemes from which we could calculate histograms of E FRET values, second-order TCFs, and fourth-order TCFs. Through a direct comparison between these theoretical and experimental approaches, we implemented a multiparameter optimization to determine the model most consistent with our data. The n = 3 scheme discussed above (Fig. 1A) is the simplest that can account for the known cooperative binding mechanism of the gp32 protein (8, 9, 15, 20) . We deduced the existence of at least three states from our observation of two decay components in the second-order TCFs. These three states likely represent the 0-, 1-, and 2-bound ssDNA-(gp32) n conformations. Nevertheless, as we show below, this basic n = 3 model could not adequately account for all aspects of our experimental results.
We, therefore, considered the n = 4 scheme shown in Fig. 1B , which represents an incrementally elevated level of complexity. As discussed above, the n = 4 scheme allows for two different categories of 1-bound intermediates: an unproductive intermediate (labeled state 1) and a productive intermediate (labeled state 1′). To simplify our model as much as possible, we assumed that the five 1-bound conformations corresponding to unproductive intermediates could be treated as experimentally indistinguishable. Likewise, we made this same assumption for the four 1-bound conformations that function as productive intermediates. Finally, we made the approximation that the E FRET values corresponding to all 1-bound intermediates (productive and unproductive) were identically equal.
To compare specific kinetic schemes with our experimental data, we input "fit parameters" (i.e., the forward and backward rate constants k ij and k ji [i ≠ j ∈ f0,1, 1 ' , 2g] and E FRET values E 1 = E 1 ' ) into SI Appendix, Eq. S3, which has a solution that provides the conditional probabilities p ji ðτÞ and the equilibrium distribution of states p eq i . Substitution of these solutions into SI Appendix, Eqs. S1 and S2 allowed us to calculate the second-and fourth-order TCFs, respectively, in addition to the E FRET histograms. We constrained our solutions to ensure consistency with our previous findings, such that the observable values of the 0-and 2-bound states were E 0 = 0.81 and E 2 = 0.56, respectively. As described below, we generated initial values for the rate constants k ij and the observable values E 1 = E 1 ' to calculate the experimentally derived quantities. We then iteratively refined these values until we obtained optimal agreement with the experimentally derived functions. Additional details of our multidimensional optimization procedure are given in SI Appendix.
As mentioned previously, we initially attempted to fit our data to the n = 3 scheme depicted in Fig. 1A . For completeness, we (Left) Fourth-order TCFs and (Right) associated 2D rate spectra calculated from smFRET trajectories of the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA construct in the presence of 0.1 μM gp32. The 2D rate spectra were calculated assuming a three-state (n = 3) scheme, and the characteristic rate constants were determined from the corresponding second-order TCFs (SI Appendix, Table S2 ). Each dataset was computed from hundreds of thousands of points. considered the possibility that direct transitions between the unbound and doubly bound states are accounted for, although independent studies suggest that the gp32 protein cannot bind to the lattice directly as a dimer (35) . In SI Appendix, Table S3 , we list the optimized parameter values corresponding to the best fits that we obtained using the n = 3 scheme. Although the 0.1 μM gp32 data could be reasonably well-fit to the n = 3 model, the data collected under the 1.0 μM gp32 and 0.1 μM gp32 + 1.0 μM LAST conditions could not be similarly explained.
We understand the failure of the n = 3 model to describe our data as an indication that rapid interconversion between nine possible singly bound conformations does not occur on timescales faster than the ∼10-μs instrument resolution. This result implies that singly bound intermediates must dissociate from the ssDNA lattice on a timescale much faster than they may slide between different lattice positions. If all singly bound sites are thermodynamically equivalent, a gp32 protein has a 5=9 chance to initially bind to the ssDNA lattice at a nonproductive position, which precludes the cooperative binding of a second gp32 protein to the lattice. In this case, the time to undergo a transition from a singly to doubly bound state will be prohibitively long. Alternatively, a singly bound gp32 protein has a 4=9 chance to initially bind at a productive position, which would provide room on the lattice for a second gp32 monomer to bind. The cooperative mode of binding would then result in a very rapid transition from the productive singly bound state to the doubly bound state. Because the n = 3 scheme does not allow for the simultaneously fast and slow association/dissociation pathways expected to occur in the presence of both productive and unproductive singly bound intermediates, this model cannot capture the analytical behavior of the experimentally derived functions under the various solution conditions.
The n = 4 scheme, however, can account for the presence of an assembly pathway that involves both productive and unproductive singly bound intermediates (Fig. 1B) . In the n = 4 model, the unbound state can undergo a transition to the unproductive state 1, from which a direct transition to state 2 is not possible. Alternatively, the unbound state can also undergo a transition to the productive state 1′, which may subsequently undergo a direct transition to state 2. For completeness, we allow for transitions between states 1 and 1′, which would account for sliding of the gp32 monomer along the ssDNA lattice.
Following the algorithm described above, we performed a search of the parameter space for the n = 4 scheme from which we obtained global solutions. For each of the experimental conditions that we investigated, the solution is an optimized set of eight rate constants and a single (degenerate) FRET efficiency value for the two singly bound states. In Fig. 7 , we present a comparison between the experimentally derived functions and their corresponding theoretical fits for the 0.1 μM gp32 conditions. In SI Appendix, we present full comparisons for the 0.1 μM gp32 (SI Appendix, Figs. S7 and S8), the 1.0 μM gp32 (SI Appendix, Figs. S9 and S10), and the 0.1 μM gp32 + 1.0 μM LAST conditions (SI Appendix, Figs. S11 and S12). The optimized values of the parameters used for these fits are given in Table 1 .
We note that, for each of three independently run optimizations, all resulted in very similar values of the FRET efficiencies, E 1 = E 1 ' ≈ 0.68, for the singly bound states. For each set of conditions, we confirmed that the optimized values so obtained do indeed correspond to a global minimum of the multidimensional parameter surface (SI Appendix, Fig. S13 ).
To more closely examine the reasons that singly bound intermediates are difficult to detect by inspection of smFRET trajectories that use the 30-ms time resolution of standard experiments, we performed computer simulations on these timescales. The simulations used as input the optimized rate constants and E FRET values obtained from our n = 4 optimizations (listed in Table 1 ). We present the details of these calculations in SI Appendix. These trajectories were calculated using 1-ms time increments and subsequently averaged to simulate single-molecule time traces with 30-ms resolution. . The cumulative fitness of the optimized solutions for the n = 3 and 4 schemes was determined using SI Appendix, Eq. S9 and is reported in SI Appendix, Table S4 . Table 1 . Optimized inverse rate constants for the n = 4 scheme depicted in Fig. 1B for the 3′-Cy3/Cy5-p(dT) 15 -p/t DNA under various solution conditions All samples contained 100 mM NaCl, 6 mM MgCl 2 , and 10 mM Tris, pH 8.0. Fits are visualized in Fig. 7 and SI Appendix, Figs. S8-S13. All inverse rate constants are given in milliseconds. Error bars are based on a 1% deviation from the optimized target function as described in SI Appendix (SI Appendix, Fig. S14 ).
In SI Appendix, Fig. S14 , we present examples of our calculations for three different experimental conditions investigated. For each case, the simulated trajectories appear to qualitatively reproduce the characteristic behavior of the experimental trajectories (compare Fig. 2A , Middle and Bottom with SI Appendix, Fig. S14 A and B , respectively, and compare Fig. 4A , Lower with SI Appendix, Fig. S14C ). These favorable comparisons between simulated and experimental trajectories suggest that the fourstate model can describe the dynamics of the ssDNA-(gp32) n system remarkably well. Nevertheless, the presence of the shortlived intermediates is not obvious by direct inspection of the trajectories alone. This comparison clearly shows that singly bound intermediates are too short-lived to produce a distinguishable signal for experiments that use the standard 30-ms resolution. Thus, the submillisecond methods that we have shown in combination with our generalized TCF analysis are necessary to detect and assign the roles of these short-lived intermediates.
Discussion
The results of our analysis permit us to derive some understanding of the basic assembly mechanism of the cooperatively bound T4 bacteriophage 3′-p(dT) 15 -(gp32) 2 -p/t DNA complex, while also providing general insights into the ways that replication cofactors of the ssb type may function in replication, recombination, and repair. As shown above, our experiments show that the system is well-described by an n = 4 reaction scheme involving at least two categories of short-lived singly bound intermediates. These are the "nonproductive" and productive states that we refer to as states 1 and 1′, respectively (Fig. 1B) . Moreover, these two types of singly bound intermediates do not rapidly interconvert (i.e., a singly bound gp32 monomer does not slide between nonproductive and productive binding sites). If rapid monomer sliding did occur, the two species in our experiments would be indistinguishable, and as a consequence, the system would have been well-described by an n = 3 kinetic scheme. The lifetimes of singly bound states are on the order of ∼20 ms, and they either decay by dissociation to the unbound state 0 or react by the cooperative binding of a second gp32 protein to form a stable doubly bound dimeric gp32 cluster (state 2). This finding is further corroborated by the prohibitively long exchange times that we find for the sliding between nonproductive and productive intermediates (k 1 ' 1 are approximately many seconds). Although the very long times determined from our analysis (i.e., those greater than ∼1 s) are not quantitatively meaningful, we interpret these results to indicate that monomer sliding rates are at least several orders of magnitude slower than the dissociation rate.
The inverse rate constants (i.e., time constants) that we determined for each of three different solution conditions investigated are listed in Table 1 . We compare the assembly dynamics seen at a relatively low protein concentration (0.1 μM gp32) with those observed at a relatively high protein concentration condition (1.0 μM gp32). We also compare the 0.1 μM gp32 concentration condition with the same gp32 concentration in the presence of 1.0 μM LAST peptide, which we have confirmed functions to inhibit the cooperative binding mode of the gp32 protein (37) . We see that the loading times k 1 ' 2 associated with the elementary dimerization step (state 1′ → state 2) is independent of concentration and on the order of ∼20 ms. After the singly bound protein is situated at a productive binding site, the cooperative binding of a second gp32 to form a dimeric gp32 cluster seems to dominate the rate at which the dimerization step proceeds, consistent with the conclusions of prior bulk spectroscopic studies (9) .
We note that the value of k
1 ' 2 is slightly increased in the presence of the LAST peptide as expected given that the peptide seems to function by interfering with the cooperative gp32-gp32 subunit binding mechanism. However, the presence of LAST has the most pronounced effect on the loading times of the nonproductive and productive intermediates k 01 ' , respectively. In the presence of LAST, we see that the loading time of the nonproductive intermediate is decreased, whereas that of the productive intermediate is increased. We may understand this effect in the following way. Proteins bound to the competitive inhibitor will have their cooperative binding modality suppressed, whereas those proteins that are not bound to the LAST peptide will still participate in the cooperative binding step to form the doubly bound state 2. The overall effect is to reduce the population of proteins that can participate in the "productive assembly pathway," while increasing the population of proteins that can participate in the "nonproductive assembly pathway." Because these loading steps are diffusion-limited, the transition time scales with these changes in the effective population of "functional" gp32 proteins.
Although both productive and nonproductive singly bound states exhibit indistinguishable FRET efficiency values (the sole observable in our experiments), our generalized TCF analysis has allowed us to determine the dynamics of these states and observe their presence individually. In all cases, the loading transition of the nonproductive state occurred more rapidly than that of the productive state, which is consistent with the notion that there are more ways that the protein may bind to the p(dT) 15 lattice in a nonproductive manner than a manner leading to cooperative gp32 cluster formation.
In summary, our results allow us to deduce the mechanism by which the fully assembled 3′-p(dT) 15 -(gp32) 2 -p/t DNA complex is formed. When a gp32 protein initially binds to a nonproductive ssDNA lattice site, it will dissociate rapidly (within ∼20 ms). This rapid dissociation permits the same (or a different) gp32 protein to undergo multiple binding events at various positions until a productive state is achieved that will allow for the adjacent binding of a second gp32 protein within the binding lifetime of the "productive singly bound" state. The cooperative binding modality of the protein leads to the relatively fast dimerization step, which also occurs on an ∼20-ms timescale. The alternative mechanism considered, in which an initially bound gp32 protein binds at any position and then rapidly "slides" along the ssDNA by means of a 1D random walk process until it reaches a productive lattice site and is "trapped" by a second gp32 monomer, is inconsistent with our analysis. Thus, the rate of sliding is too slow to compete with the unbinding-rebinding mechanism of singly bound proteins under the conditions that we examined in this study.
Conclusions
In this work, we have applied an analysis of microsecond smFRET experiments using a generalized TCF approach. These experiments have allowed us to extract detailed kinetic information about the assembly pathway of the T4 ssb gp32 with a 15-nt ssDNA template. We find that short-lived intermediates, which are otherwise difficult to detect using standard smFRET techniques (with ∼30-ms resolution), can be clearly identified and studied. Indeed, the application of HMM analyses to the same system studied using standard smFRET methods could not be used to measure the kinetics of short-lived singly bound intermediates, although their presence could be inferred indirectly (15) . The observation of singly bound states requires the ability to detect signal fluctuations on microsecond timescales. However, such rapidly sampled smFRET experiments lead to sparse and noisy signal trajectories, which cannot be analyzed using HMM techniques. We anticipate that future microsecondresolved experiments might be treated in similar ways to study individual steps within the biochemical reaction pathways of other complex biochemical networks.
It was recently confirmed by bulk solution studies using base analog probes that "clusters" of cooperatively bound gp32 proteins can slide along an ssDNA lattice (9) as inferred in earlier studies by Kowalczykowski et al. (41) and Lohman and Kowalczykowski (42) . However, it was unknown whether this might also be the case for a singly bound gp32 protein on an ssDNA template. This study indicates that gp32 monomers do not slide along ssDNA but instead, dissociate within ∼20 ms. Nucleation of the formation of cooperatively bound clusters of gp32 proteins must, therefore, require that an initially bound gp32 monomer occupies a position that can accommodate the binding of a second gp32 protein. This difference in behavior between a singly bound gp32 protein and a cluster of cooperatively bound proteins likely reflects the weak binding constant of gp32 in its noncooperative binding mode. On the initial binding of a gp32 protein, a second gp32 monomer must immediately bind for the ternary complex to become stable. Otherwise, the initial singly bound protein will rapidly dissociate. It is anticipated that multiple cooperatively bound gp32 proteins must bind an ssDNA lattice with significantly higher affinity, so that the dissociation time constant of the assembled cluster increases, and sliding becomes a much more likely mechanism for cluster translocation to a new position on the ssDNA lattice. Other approaches will be needed to determine the limits of the lengths of gp32 clusters that can effectively translocate along ssDNA by sliding mechanisms.
Materials and Methods
Instrumentation for Microsecond-Resolved smFRET. We performed smFRET experiments at both 30-ms and 1-μs resolutions using custom instrumentation and procedures previously developed in our laboratory. The instrument applies a 1-MHz modulation to the optical phase of the 532-nm continuous wave excitation and records each single-photon detection event with an associated 64-bin phase and microsecond-resolved time "stamp." Instrumental details and theoretical considerations to perform these measurements are provided elsewhere (16) .
Sample Preparation and Model DNA Replication Fork Constructs. Model p/t DNA constructs that were labeled with the Cy3/Cy5 donor-acceptor FRET pairs were purchased from Integrated DNA Technologies. Strand sequences of these substrates are shown in SI Appendix, Table S1 . Microfluidic sample chambers were constructed from microscope slides and coverslips. Details of the sample chamber construction, cleaning procedures, and sample preparation are the same as those reported by Lee et al. (15) .
